The metabolism of caffeic acid, previously shown to be carried out by the intestinal microbiota of man and experimental animals, has now been examined in a number of bacteria isolated from human feces. It has been found that of the 12 organisms isolated none has the ability to catalyze more than one reaction of the series leading from caffeic acid to either m-hydroxyphenylpropionic acid or 4-ethylcatechol. Present knowledge of the microbial metabolism of caffeic acid can be summarized by the transformations shown in Fig. 1 66, 1963) . The conversions of caffeic acid either to dihydrocaffeic acid or to ethylcatechol are the only reactions of the scheme to be identified with a specific organism, Lactobacillus pastorianus var. quinicus isolated from cider (15) .
The metabolism of caffeic acid, a component of the vegetable matter in the normal diet (9) , has also been studied in man and experimental animals. When administered to man or rats, some additional transformations take place (e.g., methylation or conjugation with glycine) before the metabolites of caffeic acid are excreted in the urine (2, 3; 427, 1962) .
To identify the specific microorganisms that might be responsible for the metabolism of caffeic acid in man, a number of different organisms normally found in the gastrointestinal tract have been tested for their ability to carry out the transformations of Fig. 1 . Surprisingly, none of the individual bacteria tested had the ability to catalyze more than one reaction of caffeic acid metabolism that is summarized in Fig.   1 Incubation conditions. The metabolism of a compound was tested by adding it to the growth medium (10 ml) at a concentration of 0.5 mg/ml. The basic growth medium used was Thiol Broth (Difco) except for bacteria 10 to 12 for which Beef (Difco) was used. An inoculum (0.25 ml of a culture of less than 48 hr) 996 BACTERIAL METABOLISM OF CAFFEIC ACID was added to the reaction mixture and the incubation was continued for I week at 37 C under anaerobic conditions (Gas Pak Anaerobic jars and H2-CO2 generator, BBL, Cockeysville, Md). Incubation mixtures from which either the bacterial inoculum or the compound to be tested was omitted served as controls.
Analysis of incubation products. At the end of the incubation, the growth medium was clarified by centrifugation and a preliminary assessment of metabolic transformation in comparison with the controls was obtained by gas-liquid chromatography (GLC). A sample of the incubation mixture (I ml) was acidified to pH I by the addition of 5 N HCI and extracted three times with an equal volume of ether. The ether extracts were pooled, the ether was removed by evaporation at 38 C, and the trimethylsilyl ethers or esters were formed of the material in the residue (10 Table 1 , each organism grew rather poorly in comparison with the growth of the mixed culture. Better growth of the individual organisms was achieved on other media whose composition included dihydrocaffeic acid; but suspensions of cells grown under these conditions did not catalyze the dehydroxylation reaction even when both cell types were incubated together.
The microorganism(s) responsible for the reduction of 4-vinylcatechol (reaction D) were not identified. They were present in successive transfers into liquid medium of an inoculum of human feces, but they apparently required conditions which prevented their isolation in pure culture from plates under the conditions used.
Identification of products. The identity of compounds isolated from the growth media was established by their characteristics on GLC-mass spectrometry in comparison with the appropriate authentic compounds. An authentic standard of 4-vinylcatechol was not available, but the mass spectrum was consistent with this structure; in addition, the isolated compound had the same ultraviolet spectral absorbance maximum (258 nm) as the literature value (8) . Further confirmation of the identity of 4-vinylcatechol was obtained by 'its reduction to 4-ethylcatechol both 
DISCUSSION
It is striking that none of the organisms used in this study is capable of carrying out more than one reaction of the overall pathway of caffeic acid metabolism. This observation suggests that caffeic acid metabolism, previously studied by using unfractionated intestinal contents, may represent the combined capability of various members of the indigenous flora rather than the ability of a single organism. Of course this hypothesis must be considered against the background of the selection of organisms used for this study. Caffeic acid or one of its metabolites was present in the medium used to isolate organisms 8 to 13. The possible influence of these additions on the selection procedure is difficult to assess. Perhaps if the basic media were less rich, organisms isolated in the presence of caffeic acid or its metabolites might have been capable of more complete utilization of caffeic acid. On the other hand, organisms I to 7 whose isolation was independent of caffeic acid also showed limited ability to transform caffeic acid or its metabolites.
Another possible limitation of this study is the arbitrary selection of media used to examine caffeic acid metabolism. Growth of the organisms under other conditions might have led to different capability in regard to their metabolism of the test compounds. Evidence that this may be the case can be seen in studies directed at elucidating the basis for the collaboration of S. fecalis var. liquifaciens (no. 12) and E. coli (no. 11) in carrying out the dehydroxylation of dihydrocaffeic acid. When the two organisms were grown independently under other growth conditions, there was no evidence that they could dehydroxylate dihydrocaffeic acid even when resting cells of both organisms were incubated with the compound. Thus growth conditions obviously play a role in the metabolic capability of these organisms.
At least two possible mechanisms might be suggested to explain the requirement for two organisms in the dehydroxylation reaction. One might be the influence of one organism in providing the growth conditions necessary for the second to produce the enzyme(s) which catalyze the reaction. A second explanation is that the dehydroxylation occurs in two steps, each catalyzed by an enzyme present in one of the organisms. For example, it could be postulated that dihydrocaffeic acid is reduced to the 3,4-dihydrodiol of phenylpropionic acid which is then dehydrated in a second reaction to yield m-hydroxyphenylpropionic acid. In such a scheme, the accumulation of the proposed intermediate might be prevented by thermodynamic factors such as the oxidation-reduction potential of the medium. Under such circumstances, it would be necessary that both organisms be present simultaneously to establish favorable energy coupling for the overall reaction. Although the data do not allow a decision between the two explanations, both emphasize the need for collaboration of the two organisms.
A similar need for collaboration between organisms occurs in the reduction of 4-vinylcatechol. Presumably the presence of other microorganism(s) is required to provide cultural conditions necessary for the growth of the organism(s) which carry out this reaction. Our failure to isolate the responsible organism may be a manifestation of the extremely anaerobic conditions necessary for the cultivation of many of the bacteria of the gastrointestinal tract (11, 13) .
